Purpose: Magnetic particle imaging is a tomographic imaging modality capable of determining the distribution of magnetic nanoparticles with high temporal resolution. The spatial resolution of magnetic particle imaging is influenced by the gradient strength of the selection field used for spatial encoding. By increasing the gradient strength, the spatial resolution is improved, but at the same time the imaging volume decreases. For a high-resolution image of an extended field-of-view, a multipatch approach can be used by shifting the sampling trajectory in space. As the total imaging timescales with the number of patches, the downside of the multipatch method is the degradation of the temporal resolution. Methods: The purpose of this work was to develop a scanning procedure incorporating the advantages of imaging at multiple gradient strengths. A low-resolution overview scan is performed at the beginning followed by a small number of high-resolution scans at adaptively detected locations extracted from the low-resolution scan.
INTRODUCTION
The tomographic imaging method magnetic particle imaging (MPI) uses magnetic nanoparticles (MNPs) and image their spatial distribution. 1, 2 Using long circulating MNPs 3, 4 and intravenous injection 5 , the MNPs distribute within the blood stream enabling vascular imaging. When mounting the MNPs on medical instruments such as guide wires, catheters, or stents, MPI is highly suitable for interventional applications. 6, 7 Beside vascular imaging, MPI is also suitable for targeted imaging, e.g., by loading stem cells with MNPs. 8, 9 MPI uses static and dynamic magnetic fields to generate and measure changes of the particle magnetization. First, a static gradient field (selection field) is applied providing a unique field-free point (FFP) in space. The FFP is shifted along a predefined 1D, 2D, or 3D trajectory using homogeneous drive fields in the kHz frequency range. The FFP acts as a sensitive spot and the flip in magnetization when sweeping the FFP over a region containing MNPs induces a signal in inductive receive coils.
In the preclinical setting, MPI has a very high temporal resolution of more than 40 frames/s while covering a volume of about 20 Â 20 Â 10 mm 3 . This allowed researchers to measure the passage of an MNP bolus through the cardiovascular system of a mouse 5 without any triggering or gating techniques. 10 However, when considering human applications, a larger field of view (FOV) will be required. Due to physiological constraints, the FOV is limited in size to 5À40 mm side lengths when considering feasible gradient strengths in the range of 1 2 À 4 T/m/l 0 and a maximum drivefield amplitude of 10 mT/l 0 , where l 0 is the vacuum permeability. This FOV limitation is due to potential peripheral nerve stimulation induced by the applied high-frequency drive field. 11, 12 To still capture larger FOV, it has been proposed in Ref. [1] to apply an additional focus field shifting the small drive-field FOV (DF-FOV) slowly in space. As the focus field is either stepped or has a much lower frequency than the drive field, higher field values can be applied and in turn the restriction in FOV size vanishes.
Using the focus fields, it is possible to capture a large FOV in a multipatch fashion. 13, 14 While the multipatch method preserves the spatial resolution by maintaining a high gradient strength over a large FOV, the temporal resolution is lowered in a cubic fashion with the side lengths of the target FOV. The purpose of the present work was to solve this issue by developing an adaptive multigradient scanning protocol that allows to obtain a high-resolution image within a large FOV in only a fraction of scan time compared to the classical multipatch imaging technique.
MATERIALS AND METHODS

2.A. Prerequisites
In this work, we consider an FFP MPI scanner with a strong gradient G : ¼ G z in the z direction and half of this value in the x and y directions, i.e., 2G x ¼ 2G y ¼ G z . We further consider a scanner capable of scanning the FOV along a Lissajous trajectory. 2 The goal is to measure a large cuboid region of interest Ω with side lengths W i , i = x,y,z as fast as possible. The coverage of the DF-FOV X DF of a single scan acquired with a Lissajous trajectory is given by a cuboid with side lengths
Here, A is the drive-field amplitude in T/l 0 equally applied in x, y, and z directions. By applying a focus-field shift n ¼ ðn x ; n y ; n z Þ T , the DF-FOV cuboid X DF is shifted to X DF n . The shape of the cuboid is not effected by the focus-field shift. Field imperfection are neglected in this work, implying a linear dependence of the spatial shift ξ on the focus field amplitude.
2.B. Dense scan protocol
In order to sample the full region of interest Ω, the standard approach is to partition Ω in several patches. These are sequentially acquired by placing the DF FOV on the corresponding patch. By comparison of Ω and X DF one can see that it requires
patches to cover the entire volume Ω. A sketch of the dense multipatch protocol is given in Fig. 1 . The drive-field coverage depends on the drive-field strength A and the selection field gradient G. As A is in practice limited by physiological constraints, it is possible to adjust L by changing the gradient strength G. This does effect the temporal resolution T Acq and the spatial resolution g in the following way:
where d represents the dimension of the scan protocol. Thus, one has to trade off spatial and temporal resolution when measuring a large FOV. Either one can measure a low spatial resolution scan with high temporal resolution, or vice versa.
2.C. Sparse scan protocol
Within this work we propose a scanning protocol combining high temporal and spatial resolution. We consider vascular imaging as the exemplary medical application. The particle concentration within the FOV Ω is sparse, i.e., it is zero in most parts of the FOV for vascular imaging.
The proposed multiscale imaging protocol is graphically sketched in Fig. 1 . It partitions Ω into a low-resolution (LR) region X LR X and a high-resolution (HR) region X HR X with jX HR j ( jX LR j. The scan protocol starts with an overview scan acquired with a low gradient strength G LR to cover the entire region of interest, i.e., X ¼ X LR . The reconstructed LR image represents a blurry version of the MNP distribution. Based on this image, signal tracking is performed to generate a sparse HR multipatch sequence. As the tracked signal distribution is in practice a nonrectangular volume, the sparse multipatch plan must be derived automatically to select a minimal set of patch positions n l , l = 1, . . . ,L covering the region of interest for the HR scans. The algorithm used for signal tracking and the automatic position planning is based on the segmentation of relevant structures from a LR scan and will be detailed in Section 2.D.
Finally, the HR patches are acquired using a high gradient strength G HR . After acquisition of the partial FOV sequence, the LR and HR data can be combined to obtain a large FOV image with high local spatial resolution. For reconstruction, we use a joint algebraic approach combining the information of the system matrices and the measurements. Details about the reconstruction algorithm are given in Section 2.E.
In summary, the proposed multiresolution partial FOV scanning protocol consists of the following four steps:
1. LR overview scan on Ω with low gradient strength (G LR ), 2. determination of X HR using an image segmentation algorithm (application specific), 3. geometry and position planning on X HR , 4. L HR scans on X HR with gradient strength G HR at patch positions n l , l = 1, . . . ,L.
In practice, the scan protocol will be highly application specific and should be adjusted to the needed setting.
2.D. High-resolution scan planning
In order to determine the patch positions of the HR multipatch sequence, the LR scan is analyzed as follows. First, a binary mask of the LR image is determined by applying a threshold-based segmentation. The center of mass of the mask is calculated and the first patch is placed at its position. The pixels covered by this patch are removed from the binary mask and it is then split into four pieces along the axes through the center of mass. On each of the four pieces, the aforementioned procedure is recursively applied. The algorithm terminates if the binary mask contains only zero values.
2.E. Image reconstruction
The voltage signal measured in the receive coil is sampled with a finite bandwidth and then Fourier transformed yielding a discrete measurement vector u 2 C K . The relation between the particle concentration vector c 2 R N discretized on a 1D, 2D, or 3D grid with N voxels and the measurement vector u can be expressed by the linear system of equations Sc = u where S 2 C NÂK represents the system matrix. 15 S, c, and u all depend on the used imaging sequence.
When applying the low-gradient imaging sequence, the vector u LR is measured. By solving the linear system S LR c LR ¼ u LR , the LR particle concentration vector c LR is obtained.
After acquiring the HR scans, several vectors u
. . ,L are available. To reconstruct them jointly, 16 one has to solve the stacked linear system 
But it is also possible to combine the LR and HR data by solving
This has the potential advantage that areas not captured by the HR scans are still reconstructed with LR. The linear system discussed so far can be solved by various algorithms. In this work, we use a regularized form of the Kaczmarz algorithm. 17 The frequency selection algorithm discussed in Refs. [15] and [17] is used prior to the reconstruction. We apply individual frequency selections for different gradient strengths as the LR scan will have a better signal-to-noise ratio (SNR).
2.F. Experimental setup
Measurements were carried out using a preclinical MPI scanner (Bruker Biospin, Ettlingen, Germany) with 12 cm bore size that is equipped with a 3D focus-field generator. For simplicity, we performed only 2D experiments within the xy-plane (horizontal) of the scanner.
The system matrices required for reconstruction were measured using the robot-based measurement procedure 2 prior to the experiment using a delta sample of size 2:5 Â 2:5 Â 1:25 mm 3 filled with undiluted Resovist with a concentration of 500 mmol(Fe)/L. The low-gradient system matrix was measured on a 53 9 53 grid covering an area of 53 Â 53 mm 2 . The high-gradient system matrix was measured on a 30 9 30 grid covering an area of 30 Â 30 mm 2 . Both system matrices have a voxel size of 1 mm in each direction. The high-gradient system matrix was acquired only once in the center and S The focus-field positions for the HR scans were calculated using the algorithm discussed in Section 2.D. Three HR scans were sufficient to cover the entire vessel phantom. The positions are indicated in Fig. 2 .
The SNR threshold for frequency selection 15 were chosen to be 2.0 yielding 635 (for G LR ) and 567 (for G HR ) frequency components. The frequencies were selected from the x and y receive channel in a range of 80-1250 kHz. We chose the relative regularization parameter 2 as k ¼ 3 Á 10 À3 and used three Kaczmarz iterations. All reconstructions were performed using background corrected measurements as described in Ref. [18] .
RESULTS
Reconstruction results are shown in Fig. 2 . Different combinations of the measured datasets were reconstructed. Beside a reconstruction of the low-gradient measurement and a joint reconstruction of the high-gradient measurements, we also reconstructed the low-and high-gradient measurements jointly using 1, 2, and 3 of the high-gradient datasets. Additionally, the dense multipatch reconstruction result is shown.
The different physical sizes of the images are due to the different constellation of the patches and the areas they cover. The reconstructed image of the selected three HR patches is smaller in size than the combined LR/HR reconstruction result, because the LR patch is slightly larger than the area captured by the three HR patches.
The low-gradient reconstruction result has a reduced spatial resolution and only the main branch can be identified. The gaps are not visible. By selectively adding a high gradient patch the spatial resolution is partially improved. As expected, the results with only one or two high-gradient patches show an anisotropic spatial resolution allowing for a magnified view into the vessel tree. The intensity varies between the HR and the LR scan, because of the stronger blurring effect occurring for low-gradient reconstruction results. When using all high-gradient patches, the full structure of the original phantom is recovered. The fragmentation in the left and the right side are clearly visible, whereas the gaps are still not fully resolved.
The high-gradient only and the joint multigradient images have a similar quality in terms of SNR and spatial resolution.
DISCUSSION
The proposed adaptive multigradient acquisition scheme allows to measure a large object in a fraction of time compared to a dense multipatch protocol. The gain in imaging speed was 2.25. Only four scans (one LR and three HR scans) instead of nine HR scan were required to capture all features of the measured phantom. Because the phantom was relatively small and covered just a part of an actual vessel tree, the gain is small. In addition, our experiments were performed in 2D. In 3D, the acceleration will be even larger, because the sparsity in the third dimension can be exploited.
The proposed multigradient scan protocol was tailored to work for angiographic applications. However, it can work for nonsparse particle distributions as well. In that case one will have to decide which structures should be highly resolved. To this end one can use a morphologic-aware segmentation algorithm that takes the low-gradient prescan and based on this performs a detailed geometry planning. This can be used for liver imaging 19 with the goal of detecting lesions. A low-gradient scan can be performed in the beginning. In case of an inhomogeneous perfusion, detailed imaging of the darker spots can be used to reliably diagnose the lesions. Furthermore, the LR overview scan can be used as static background for various applications. On the one hand, it can be used for instrument tracking through a vessel tree. Only the tip of the catheter/guide wire is tracked with a high temporal and spatial resolution, whereas the LR static background provides the wider landscape for successful navigation. On the other hand, it can be used for orientation or measurement planning using fiducials. 20 With the availability of dynamic multipatch sequences 21 , it will be possible to measure the HR patches with full duty cycle whereas the multistation approach applied in this work requires to drop the data while the patch is moving from one to the next position. In addition, it would be thinkable to dynamically change the gradient strength of the selection field. However, this would require sophisticated reconstruction algorithms to take the change of the gradient during a drive-field period into account.
In our current work, we used only two different gradient strengths leading to a two-scale scanning protocol. For   FIG. 2 . In the first column, the used vessel phantom and the sketch of it is shown. In the following columns, the schematic overview of the used scans (top) and the corresponding reconstruction results (bottom) are shown. For comparison also the reconstruction result of the dense multipatch sampling (second column) and the reconstruction result using only the selected patches (last column) are visualized. In each case, the low-gradient overview scan is used and in addition 0, 1, 2, and 3 of the high-gradient scans are incorporated into the reconstruction process. Each image is windowed individually whereas the gray values are mapped to 0 %-100 % of the full intensity range. [Color figure can be viewed at wileyonlinelibrary.com] larger FOV, it will be necessary to use even more gradient strengths and perform on each level a certain amount of measurements in an sequential way. This allows to gradually refine the MPI scan and even detect/resolve smallest vessels/structures.
For reconstruction we used a joint approach, 16 which has the disadvantage that the reconstruction time scales quadratically with the patch number. This issue can be addressed by developing a fast algorithm, 22 which uses an implicit formulation of the system matrix. To this end, the algorithm outlined in Ref. [22] has to be extended to allow for different gradients strength within a multi-patch imaging sequence.
CONCLUSION
MPI is a tomographic imaging method that has a very high spatio-temporal resolution and can in turn be used for vascular imaging and interventional applications. One key challenge when upscaling current small animal scanners to human-sized scanners is the limitation of the FOV to a few centimeters while maintaining the high spatio-temporal resolution. Within this work, we addressed the issue by applying a multigradient imaging sequence scanning only the important structures with high resolution. By combining LR and HR scans during image reconstruction, it is possible to derive a single image of the particle distribution. The resulting image captures the entire FOV with anisotropic spatial resolution in only a fraction of time. Author to whom correspondence should be addressed. Electronic mail: p.szwargulski@uke.de.
